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ABSTRACT 

We present parallax and proper motion measurements, near-infrared spectra, and WISE photometry 
for the low surface gravity L57 dwarf 2MASSJ035523.37+113343.7 (2M0355). We use these data to 
evaluate photometric, spectral, and kinematic signatures of youth as 2M0355 is the reddest isolated 
L dwarf yet classified. We confirm its low-gravity spectral morphology and find a strong resemblance 
to the sharp triangular shaped ii-band spectrum of the ~10 Myr planetary-mass object 2M1207b. 
We find that 2M0355 is underluminous compared to a normal field L5 dwarf in the optical and MKO 
J, H, and K bands and transitions to being overluminous from 3-12 /im, indicating that enhanced 
photospheric dust shifts flux to longer wavelengths for young, low-gravity objects, creating a red 
spectral energy distribution. Investigating the near-infrared color magnitude diagram for brown dwarfs 
confirms that 2M0355 is redder and underluminous compared to the known brown dwarf population, 
similar to the peculiarities of directly imaged exoplanets 2M1207b and HR8799bcd. We calculate 
UVW space velocities and find that the motion of 2M0355 is consistent with young disk objects (< 
2-3 Gyr) and it shows a high likelihood of membership in the AB Doradus association. 
Subject headings: Astrometry- stars: low-mass- brown dwarfs: individual (2MASS 
J035523. 51+113337.4) 



1. INTRODUCTION 

With masses intermediate between stars and planets 
(i.e., below the hydrogen burning and above the deu- 
terium burning mass limit), brown dwarfs provide a 
natural link between stellar astrophysics and the plan- 
etary science of gas-giants (Saumon et al. 1996; Chabrier 
& Baraffe 1997). Studies of the population have in- 
formed our understanding of low-mass star formation as 
well as the physical and chemical composition of low- 
temperature photospheres (e.g. Burrows et al. 2001, 
1997; Chabrier et al. 2000). With an increasing number 
of brown dwarf discoveries, the diversity of the popula- 
tion in age, atmospheric properties, and chemical com- 
position is becoming apparent. 

Brown dwarfs are classified using red optical or near- 
infrared spectra and show characteristics which dis- 
tinguish them as L (T e// -2200 - 1300K) or T/Y 
(Teff <1300) dwarfs (Kirkpatrick et al. 1999; Burgasser 
et al. 2002; Cushing et al. 2011). The majority of spec- 
trally classified field brown dwarfs within the literature 
are nearby isolated L dwarfs. Among the ~1000 ob- 
jects spanning this temperature regime, a significant por- 
tion exhibit near-infrared colors, spectral energy distri- 
butions (SEDs), and kinematics consistent with a field 
age population (e.g., Kirkpatrick et al. 2000; Knapp 
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et al. 2004; Cruz et al. 2007; Chiu et al. 2006; Faherty 
et al. 2009; Schmidt et al. 2010). However there are sub- 
sets exhibiting strong deviations in observational proper- 
ties from the general population including low-metallicity 
subdwarfs, low surface gravity objects, and potentially 
cloudy /cloudless L dwarfs (Burgasser et al. 2003; Bur- 
gasser 2004; Burgasser et al. 2007; Looper et al. 2008; 
Cruz et al. 2009; Cushing et al. 2009; Kirkpatrick et al. 
2010; Rice et al. 2010; Radigan et al. 2012). 

The most relevant sub-population to giant exoplanet 
studies are young (i.e., low surface gravity) isolated L 
dwarfs. The archetypal low surface gravity L dwarf, 
2MASSJ01415823-4633574 (2M0141), was discovered 
by Kirkpatrick et al. (2006). Its optical spectrum ex- 
hibits strong bands of VO but abnormally weak TiO, K, 
and Na absorption. In the near-infrared, its red J — K s 
color (2MASS J— K S =1.7Z) and triangular i7-band spec- 
tral morphology distinguish it from field L dwarfs (Kirk- 
patrick et al. 2010; Patience et al. 2012). It is suspected 
to be a member of the (3 Pictoris or Tucana-Horologium 
association, although the precise kinematics required to 
confirm association have not yet been determined (Kirk- 
patrick et al. 2010). After the discovery and character- 
ization of 2M0141, additional isolated L dwarfs sharing 
similar photometric and spectral peculiarities attributed 
to a low surface gravity were reported (e.g. Reid et al. 
2008; Cruz et al. 2009; Kirkpatrick et al. 2010). While 
the ages of these seemingly young L dwarfs remain largely 
unconstrained, there are kinematic and spatial indica- 
tions that they represent the lowest mass members of 
nearby moving groups such as AB Doradus, /3 Pictoris, 
Tucana-Horalogium (Cruz et al. 2009; Kirkpatrick et al. 
2010). 

Cruz et al. (2009) point out that the majority of objects 
defining the population of the lowest surface gravity L 
dwarfs show spectral deviations indicating that they are 
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younger than the Pleiades. Therefore using an age range 7 
of < 10-100 Myr and spectral classifications of early-mid 
type L dwarfs, these objects have masses close to-or in 
some cases below- the deuterium burning limit, mak- 
ing them exoplanet analogs. Since young brown dwarfs 
are nearby and isolated, they are ideal laboratories for 
detailed studies of cool, low-gravity, dusty atmospheres 
that arc similar to directly imaged exoplanets. 

In this paper we examine the kinematic, photometric, 
and spectral features of the low surface gravity L5j dwarf 
2MASSJ035523.37+113343.7 (2M0355). In section 2 we 
review published observations of 2M0355. In section 3 we 
describe new near-infrared spectral and imaging data, 
and in section 4 we evaluate indications of youth, in- 
cluding potential membership in nearby young moving 
groups. In section 5 we discuss the spectral energy dis- 
tribution (SED) for 2M0355 as well as the near-infrared 
color-magnitude diagram for the brown dwarf popula- 
tion, highlighting the location of 2M0355 compared to 
directly imaged exoplanets. Conclusions are presented 
in section 6. 

2. PUBLISHED OBSERVATIONS OF 2M0355 

2M0355 was discovered by Reid et al. (2006) in a search 
of the 2MASS database for ultracool dwarfs, but its ob- 
servational peculiarities were not discussed until Reid 
et al. (2008) and Cruz et al. (2009). 2M0355 is classified 
as an L5j dwarf 8 , demonstrating strong Li absorption 
(EW 7. OA) and other signatures of low surface gravity in 
the optical (Reid et al. 2008, Cruz et al. 2009). Notably 
this source is the reddest isolated L dwarf yet classified, 
with a 2MASS J - K s color of 2.52±0.03. 

Reid et al. (2006) examined 2M0355 for a close com- 
panion with the Near-Infrared Camera and Mutli- Object 
Spectrometer NIC1 on the Hubble Space Telescope and 
found it unresolved. Blake et al. (2007) examined this 
source for radial velocity variations but found no appre- 
ciable change over time and excluded the possibility of 
a companion with M sin i > 2.0 Mj at any separation. 
We note that Blake et al. (2007) assumed an L dwarf pri- 
mary mass of 100 Mj which is large for even a field aged 
object, therefore, given the RV constraints, the limit is 
likely below 2.0 Mj up . Bernat et al. (2010) claimed the 
detection of a near-equal mass companion at 82.5 mas 
using aperture masking interferometry; however, this re- 
sult falls at the low end of their confidence limits (90%) 
and such a companion should have been detected by the 
Reid et al. (2006) imaging campaign (although Bernat 
et al. 2010 note this object may be at the limit of Reid 
et al. 2006 detections). 

Radial velocities of 12.24±0.18 and 11.92±0.22 km s" 1 
were measured by Blake et al. (2007, 2010), respectively, 
using high-resolution if-band spectra from NIRSPEC on 
the Keck II telescope and forward modeling techniques 
for high precision. Proper motion measurements have 
been reported in Schmidt et al. (2007), Casewell et al. 
(2008), and Faherty et al. (2009). We present an updated 

7 10 Myr chosen as the low-end range based on the age of the 
youngest nearby moving group. 100 Myr chosen as the upper limit 
based on an extrapolation and comparison to Pleiades age objects. 

8 As suggested by Kirkpatrick (2005); Kirkpatrick ct al. (2006) 
and Cruz et al. (2009) very low-gravity spectra arc designated with 
subtype 7, intermediate gravity with /3, and normal field objects 
with a (although a is typically omitted/implied for field objects. 



proper motion as well as a parallax in Section 4.3. 

3. NEW OBSERVATIONS OF 2M0355 

We obtained near-infrared spectroscopy and imaging 
of 2M0355 and report new low and medium resolution 
spectroscopy of the source as well as a parallax and im- 
proved proper motion measurements. 

3.1. Near-Infrared Spectroscopy 

We obtained low- and medium resolution near-infrared 
spectroscopy using the SpeX spectrograph (Rayner et al. 
2003) mounted on the 3m NASA Infrared Telescope Fa- 
cility (IRTF). On 2007 November 13, we used the spec- 
trograph in cross-dispersed mode (SXD) with the 0'.'5 
slit aligned to the parallactic angle to obtain R = A / 
A A « 1200 spectral data over the wavelength range of 
0.7-2.5 /xm. The conditions of this run were clear and 
stable with seeing of 0'.'5 at K. We obtained 6 individ- 
ual exposure times of 300 seconds in an ABBA dither 
pattern along the slit. 

On 2011 December 7, we used the spectrograph in 
prism mode with the 0'.'5 slit aligned to the parallactic 
angle. This resulted in R = A / AA « 120 spectral data 
over the wavelength range of 0.7-2.5 /zm. Conditions in- 
cluded light cirrus and the seeing was 0'.'8 at K. We 
obtained 10 individual exposure times of 90 seconds in 
an ABBA dither pattern along the slit. Table 1 contains 
details on all observations reported in this work. 

Immediately after the science observation we observed 
the A0V star HD 25175 (Prism mode) or HD 25258 (SXD 
mode) at a similar airmass for telluric corrections and 
flux calibration. Internal flat-field and Ar arc lamp ex- 
posures were acquired for pixel response and wavelength 
calibration, respectively. All data were reduced using 
the SpeXtool package version 3.4 using standard settings 
(Cushing et al. 2004, Vacca et al. 2003). 

3.2. Near-Infrared Imaging 

We observed 2M0355 with the Infrared Side Port Im- 
ager (ISPI, van der Bliek et al. 2004) on the CTIO 4m 
Blanco telescope six times between 2008 October 11 and 
2012 February 05. All observations used the J band fil- 
ter, under seeing conditions up to 2" full width half maxi- 
mum (FWHM) with typical conditions between 0.8-1.1". 
ISPI has an ~ 8 arcminutc field of view and plate scale 
of 0.303" per pixel. At each epoch and depending on 
the conditions, 5-10 images with 10-30 s and 2-4 co-adds 
were obtained while the target was ±30 minutes off the 
meridian (Table 1). Dark frames and lights on/off dome 
flats were obtained at the start of each evening. We 
used the Carnegie Astrometric Planet Search software 
to extract all point sources from each epoch and solve 
for relative parallaxes and proper motions (Boss et al. 
2009). The full image reduction procedures as well as 
the description of the parallax pipeline are described in 
Faherty et al. (2012). 

4. EVALUATING YOUTH INDICATORS 

Youth indicators for isolated L dwarfs are not yet fully 
quantified or calibrated, but a number of distinguish- 
ing characteristics have been extrapolated from low-mass 
members (primarily late-type M dwarfs) of nearby young 
moving groups, open clusters and star forming regions or 
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companions to young stars and confirmed by low-gravity 
atmosphere models (e.g. Lucas et al. 2001; Gorlova et al. 
2003; Luhman et al. 2004; McGovern et al. 2004; Allers 
et al. 2007; Rice et al. 2010, 2011, Patience et al. 2012). 

Among the strongest indicators is the shape of the 
near-infrared spectra of young brown dwarfs which are 
subtly different than those of their field counterparts. 
Known brown dwarf members of the Chamaelleon II, 
Ophiuchus, Orion Nebula Cluster, TW Hydrae, and /3 
Pictoris groups demonstrate various degrees of sharply 
peaked f/-band spectra compared to field aged objects. 
The shape of the near-infrared continuum induced by 
steam absorption is sensitive to an objects surface grav- 
ity; therefore at younger ages, hence lower gravities, the 
H— band spectrum is peaked (Luhman et al. 2004 and 
Figure 6 from Rice et al. 2011). 

An equally important indicator for brown dwarf mem- 
bers of young groups is a strong deviation in near- 
infrared color (significantly redder J-K s ) from the mean 
of a given spectral subtype. The clearest example is 
2MASS J12073346-3932539 (2M1207b), a late-L dwarf 
member of the TW Hydrae association with J — if =3.05, 
~0.5 mag redder than any other known L dwarf (Chauvin 
et al. 2004; Mohanty et al. 2007). Similar to the spec- 
tral deviations of young brown dwarfs, the photometric 
peculiarities can be explained as a consequence of lower 
surface gravity. At lower values-hence lower pressure at 
a given temperature in the photosphere-, H2 collision 
induced absorption (CIA) is reduced leading to a reduc- 
tion of the strongest absorption feature at 2.5 /im (less 
absorption at K band relative to J band) and a red J—K 
color (Kirkpatrick et al. 2006). An evolutionary model 
comparison of a large collection of low-surface gravity or 
young companion brown dwarfs to tracks with differing 
cloud, metallicity and gravity properties demonstrates 
that the change in near-IR color is attributed to changes 
in CIA H2 affected by lower-surface gravities (see Faherty 
et al. 2012 and references there-in). 

Additionally, the kinematics of young brown dwarfs as 
a population can be used as an indicator of youth as 
they are distinctly different from the kinematics of the 
field brown dwarf population. As discussed in Faherty 
et al. (2009, 2012) low surface gravity brown dwarfs have 
significantly smaller tangential velocities and dispersions 
than the overall brown dwarf population. The young 
age (likely < 1 Gyr) of these sources means they have 
spent less time in the disk so they have had minimal in- 
teractions with nearby stars and giant molecular clouds 
that will eventually increase their overall velocity dis- 
persion (e.g. Weinberg et al. 1987; Faherty et al. 2010; 
Dhital et al. 2010). In the following subsections we com- 
pare the photometry, near-infrared spectral features, and 
kinematics of 2M0355 to known young brown dwarfs, 
directly-imaged exoplanets, and the field population in 
order to evaluate signatures of youth for this unusual 
object. 



4.1. Photometry 

2M0355 is the reddest isolated L dwarf known. In Fig- 
ure 1 we show the mean J — K s color and standard de- 
viation for L dwarfs (binned by 0.5 subtype) calculated 



from a compilation of field objects 9 with photometric 
uncertainties < 0.1, excluding known young objects and 
subdwarfs. For comparison, other confirmed low-gravity 
L7 dwarfs are plotted as filled circles and 2M0355 as a 
filled five-point star. In Table 2 we list the average in- 
frared photometric properties of field L dwarfs, and in 
Tables 3 and 4 we list the infrared photometry and col- 
ors of low-gravity L dwarfs, respectively. 

With a J - K s color of 2.52±0.03, 2M0355 is 0.8 
mag redder than the average for L5 dwarfs, or nearly 
4cr from the mean color. A similar deviation from the 
mean of the subtype is seen among other low surface- 
gravity L7 dwarfs listed in Tables 3- 4, but 2M0355 is 
the most extreme example (although we note that the 
L4 dwarf 2MASSJ1615+4953 shows very similar devia- 
tions in both its J-K s and W1-W2 colors). As discussed 
above, low surface gravity effects leading to a reduction 
in H2 collision induced absorption is the likely cause for 
the extreme deviation. However we note that not all 
unusually red L dwarfs demonstrate low surface gravity 
spectral features; therefore this peculiarity alone is not 
conclusive about age (e.g. Looper et al. 2008). 

In the same manner as Figure 1 we compile WISE pho- 
tometry of known field L dwarfs with photometric uncer- 
tainties < 0.1, excluding subdwarfs and confirmed young 
objects, to calculate the mean Wl — W2 color and corre- 
sponding standard deviation for spectral subtypes (again 
binned by 0.5 subtype) and highlight the photometry of 
2M0355 (see also Table 2). As demonstrated in Figure 2, 
with a W1-W2 color of 0.59, 2M0355 is 0.24 mag redder 
than the average of its spectral subtype or 3cr from the 
mean color. Comparing with the 25 similarly classified 
L7 dwarfs, we find that 2M0355 is the reddest known 
isolated L dwarf in near and mid-infrared colors. 

4.2. Spectral Features 

2M0355 is classified as an L57 in the optical by Cruz 
et al. (2009) based on its similarity to field L5's but 
with very weak FeH absorption and weak Na I and 
K I lines, which are typically interpreted as signa- 
tures of low surface gravity. In Figure 3 we show the 
SpeX prism spectrum for 2M0355 and compare it to the 
field L5 (presumed age > 1 Gyr) near-infrared standard 
2MASSJ08350622+1953050 (2M0835) as well as the ~10 
Myr L dwarf 2M1207b (Chiu et al. 2006; Kirkpatrick 
et al. 2010; Patience et al. 2012). We normalize the spec- 
tra separately in each bandpass and smooth 2M1207b 
by a factor of 3. The shape of 2M0355 in all three 
bands deviates significantly from the spectrum of the 
field standard. Compared to 2M1207b, the H and K 
bands are very similar, but the J band is intriguingly 
different. 2M0355 has a steeper slope from 1.1-1.25 /im 
and a wider peak at 1.30^m that is more similar to the 
field object. In a forthcoming paper, we will present a 
detailed J band spectral analysis of 2M0355 and other 
young brown dwarfs compared to their field counterparts. 

Several near-infrared spectral features are sensitive to 
surface gravity, including the ii-band where a sharp tri- 
angular peak is seen consistently for known young brown 
dwarfs at a range of ages (e.g. Lucas et al. 2001; Luh- 
man et al. 2004; Allers et al. 2007; Rice et al. 2010, 2011). 

9 The compiled list of L dwarfs comes primarily from the Dwar- 
fArchives.org combined with the results of Schmidt et al. (2010). 
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In Figure 4, we present higher-resolution (R ~1200) H- 
band spectra of 2M0355 as well as the same comparative 
objects shown in Figure 3. There is an excellent match 
between the sharp peak of 2M1207b and 2M0355, dis- 
tinct from the plateau at ~1. 55-1. 70 /xm of the field ob- 
ject. Combined with the photometric peculiarities, this 
is a strong indicator that 2M0355 is significantly younger 
than the field object (<< 1 Gyr). 

4.3. Kinematics 

Using multi-epoch ISPI data (see Figure 5), we report 
improved proper motion and parallax measurements for 
2M0355. The proper motion was measured previously by 
Schmidt et al. (2007), Casewell et al. (2008), and Faherty 
et al. (2009). Our updated value is consistent with previ- 
ous values but with 50-60% smaller error bars. The new 
parallax measurement of 7r a ;, s =122±13 mas 10 for 2M0355 
places the L57 dwarf at a distance of 8.2+ g pc. We list 
all astrometric and photometric properties in Table 5. 

4.4. Moving Group Membership 

At a distance of 8.2 pc and with spectral and photo- 
metric differences from the field population resembling 
those of the ~10 Myr 2M1207b, we investigate whether 
2M0355 could be kinematically associated with one of 
the nearby young moving groups. Using the proper mo- 
tion and parallax measured in this work with the most 
recent radial velocity from Blake et al. (2010), we calcu- 
late (U,V,W) = (-5.9±1.5, -23.6±2.0, -14.6±1.3) km 
s _1 for 2M0355 11 . These calculated space velocities are 
consistent with thin disk membership (age < ~2-3 Gyr), 
and the tangential velocity of 21.5±1.2 km s -1 is con- 
sistent with the population of low gravity, kinematically 
young brown dwarfs (Faherty et al. 2009, 2012; Eggen 
1989; Eggen & Iben 1989). In Figure 6 we show the UV 
velocities for a number of young stars or clusters within 
200 pc of the Sun and find that 2M0355 is at the edge 
of a well populated region of velocity space. Figure 7 
shows Galactic space velocities compared to j3 Pictoris, 
and AB Doradus, the two closest moving groups to the 
Sun and the most likely groups of which 2M0355 might 
be a member. We find that 2M0355 overlaps within la 
of the range in UVW values for probable members of AB 
Doradus. 

To examine the likelihood of 2M0355's membership in 
nearby moving groups, we determine the x 2 probability 
for several known stellar groups within 75pc. We include 
a field star model and nearby moving group parameters 
from Malo et al. (2012) and supplement with the pa- 
rameters for the Ursa Major, Hyades, and Carina Near 
groups. For most groups, we adopt the centroid positions 
and dispersions calculated by Malo et al. (2012), however 
we use velocity estimates either calculated by us or from 
the recent literature, where we split the uncertainties in 
the centroid velocities from their ID intrinsic velocity 
dispersions 12 . 

10 We measure 7r re ;=120± 12 mas with a 2 mas correction from 
relative to absolute astrometry. 

11 UVW values are calculated in a left-handed coordinate system 
with U positive toward the Galactic center. 

12 We adopt the following parameters throughout the analysis 
(centroid velocities and standard errors, followed by centroid po- 
sitions and 1<t dispersions): Ursa Major: (U,V,W) = (15.0, 2.8, 



We first determine a \ 2 probability that estimates the 
percentage of real members of a given group expected to 
have x 2 values higher than that of 2M0355-allowing for 
2M0355's observational errors and the estimated intrinsic 
velocity spread and spatial distribution of group mem- 
bers. Then we calculate a "final" probability, normaliz- 
ing by the sum of the individual (marginal) star-group 
probabilities. At this time, equal weights are assigned 
to the field star and individual group models (further 
refinement would be beyond the focus of this study). 

The initial y 2 probability for 6 degrees of freedom is 
calculated as: 
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where i is indexed as U, V or W, o is the component for 
2M0355, g is the component of the group, and d is the 
intrinsic 1-D i-velocity dispersion of the group. 
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where j is indexed as X, Y, or Z, Aj is defined as the 
lcr dispersion in the Galactic cartesian coordinates; o is 
the component for 2M0355, g is the component for the 
group (we ignore the uncertainties in the group centroids 
which are negligible compared to the la dispersions). 

Using this method, we estimate that 73% of AB Do- 
radus members would have velocities and positions more 
discrepant than that for 2M0355, while only 0.06% of 
P Pictoris members would have more discrepant values. 
Approximately 99.9% of field stars would have velocities 
and positions more discrepant than that of 2M0355, al- 
though this is likely skewed by the fact that the field star 
centroid (as well as our source) is so close to the Sun. 

The x probabilities for the other groups investi- 
gated within 75 pc (Ursa Majoris, Carina Near, Tucana 
Horologium, Hyades, Argus, TWA), all yielded probabil- 
ities of <10~ 17 %. If one sums the individual marginal 
group and field star membership probabilities and as- 
signs equal weights, then we estimate that 2M0355 has 
a 42% chance of being an AB Doradus member, a 58% 

-8.1) ± (0.4, 0.7, 1.0) km s" 1 and (X,Y,Z) = (-4.4, 6.2, 18.2) ± 
(16.7, 15.4, 17.0) pc (calculated using membership from Madscn 
et al. (2002)). Carina Near: (U, V, W) = (-24.8,-18.2, -2.3) ± (0.7, 
0.7, 0.4) km s" 1 and (X,Y,Z) = (0.1, -31.7, -9.2) ± (4.3, 5.6, 1.1) 
pc (calculated using membership from Zuckerman et al. (2006)). 
Hyades: (U,V,W) = (-42.3, -19.1, -1.5) ± (0.1, 0.1, 0.2) km s" 1 
and (X, Y, Z) = (-43.0, 0.3, -17.3) ± (3.8, 3.5, 3.1) pc. For the TWA 
group we adopt the recent centroid velocity from Weinberger et al. 
(2011) of (U,V,W) = (-11.1, -18.6, -5.1) ± (0.3, 0.2, 0.2) km s" 1 . 
Based on unpublished calculations by Mamajck 2010, in prep) we 
adopt intrinsic ID velocity dispersions of 1.0 km s~ 1 for AB Do- 
radus, 1.1 km s _1 for Tucana-Horologium, 1.3 km s~ 1 for Carina 
Near, 1.5 km s — 1 for Ursa Majoris, and Pictoris, 0.8 km s _1 for 
TWA (Mamajck 2005), and 1 km s _1 for the Hyades and Argus. 
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chance of being a field star, and a <0.04% chance of 
being a [3 Pictoris group member. Further work calcu- 
lating the relative densities of the young stellar groups 
could refine these probabilities, but at this point it ap- 
pears most plausible that 2M0355 is either a member of 
the AB Doradus moving group or a field star. Given the 
photometric and spectroscopic evidence for youth shown 
here-in combined with the low density of very young field 
stars, we believe that the kinematic evidence points to- 
wards 2M0355 being a likely member of the AB Doradus 
group. 

5. DISCUSSION 

Among the known population of low surface grav- 
ity L dwarfs, 2M0355+11 is the latest spectral type or 
one of the coolest isolated young brown dwarfs known. 
To extend the comparison of young brown dwarfs and 
planetary-mass objects, we investigate the colors and lu- 
minosities of 2M1207b and the directly imaged planets 
HR 8799bcd. 

We calculated the absolute magnitude of 2M0355 from 
the new parallax as well as Mauna Kea Observatory 
(MKO; Tokunaga et al. 2002) apparent magnitudes con- 
verted from 2MASS photometry using the Stephens & 
Leggett (2004) relations. Comparing M JHK for 2M0355 
to the predicted values for an equivalent spectral type 
object based on the Faherty et al. (2012) polynomial, we 
find it to be [-0.9,-0.5,-0.1] magnitude underluminous at 
Mj,M#, and M^, respectively. As noted in Faherty et al. 
(2012), the population of low surface gravity L dwarfs is 
consistently red and underluminous-by up to 1.0 mag 
in M.jhk~ compared to equivalent spectral type objects. 
As demonstrated in Figure 8, 2M0355 clearly follows this 
trend. As discussed in Faherty et al. (2012) evolutionary 
models trace low-surface gravity objects at temperatures 
several hundred degrees lower than expected for equiv- 
alent spectral type objects on near-IR color magnitude 
diagrams, providing a potential explanation for the de- 
viation in absolute magnitudes of low-gravity L dwarfs. 
Extending this analysis to 2M0355 we conclude that one 
explanation for its peculiar near-IR absolute magnitudes 
is that this source is cooler than normal L5 field dwarfs. 

In Figure 9 we compare the full spectral energy 
distribution (SED) of 2M0355 to the field L5 dwarf 
2MASSJ1507476-162738 (2M1507-Reid et al. 2000; Dahn 
et al. 2002). Combining the optical spectra, MKO JHK, 
and WISE W1,W2,W3 absolute photometry for each 
we confirm that the SED for 2M0355 is underluminous 
compared to the field object through K band. How- 
ever, redward of <~ 2.5/zm, 2M0355 switches to being 
over luminous through at least 12 yum. Following the 
method described in Cushing et al. (2005), we com- 
bine the flux-calibrated optical and near-IR spectra as 
well as WISE photometry and calculate bolometric lu- 
minosities for both 2M0355 and 2M1507. We linearly 
interpolate between the centers of each WISE band- 
pass (Wl: 3.4; W2: 4.6; W3: 11.6) and assume a 
Ray leigh- Jeans tail for A >11.6 /im. We find that 
2M0355 is slightly more luminous than 2M1507 by A 
login (L 2 mo355/L2M1507)=0.12±0.1. The overall lumi- 
nosity of our source is further evidence that it is young, 
and we surmise that enhanced photospheric dust which 
weakens molecular bands and shifts flux to longer wave- 
lengths is the most likely cause of the red SED. 



In Figure 10 we show the near-infrared color- 
magnitude diagram for the field brown dwarf population 
(color-coded by spectral type), 2M1207b, the HR8799bcd 
planets, and 2M0355. The low luminosity and ex- 
tremely red J — K color of 2M0355 place it at the red 
edge of the brown dwarf population, in a similar re- 
gion as 2M1207b. Barman et al. (2011) find the po- 
sitions of the giant exoplanets on this color-magnitude 
diagram-which are also redward and underluminous of 
the brown dwarf population-can be reproduced by al- 
lowing low T e ff models (typically assumed cloud- free) 
to have clouds extending across their photospheres (see 
also Bowler et al. 2010; Currie et al. 2011; Hinz et al. 
2010; Marley et al. 2012; Madhusudhan et al. 2011; Ske- 
mer et al. 2012). 2M1207b and HR8799bcd are young 
(~10 Myr and 30-160 Myr; respectively: Chauvin et al. 
2004; Marois et al. 2008; Marois et al. 2010) so youth 
is thought to be correlated with enhanced photospheric 
dust among the low-luminosity, low-temperature brown 
dwarfs and giant exoplanets (see also Burgasser et al. 
2010; Faherty et al. 2012). 

Consequently, the position of 2M0355 on Figure 10 
leads us to conclude that in agreement with indications 
from the SED in Figure 9 this source is both young and 
dusty. 

6. CONCLUSIONS 

2M0355 is the reddest isolated L dwarfs yet character- 
ized in the near- and mid-infrared. Cruz et al. (2009) 
classified 2M0355 as L57, indicating low surface gravity 
spectral signatures. The similarity of the near-infrared 
spectrum to that of the ~10 Myr planetary-mass ob- 
ject 2M1207b supports the conclusion that the object is 
young. Furthermore, a comparison with the near and 
mid-infrared colors of the known population of low sur- 
face gravity or L7 dwarfs demonstrates that 2M0355 is 
the most extreme example of this class currently known. 

Combining optical spectra and absolute near to mid-IR 
photometry, we compared the full spectral energy dis- 
tribution of 2M0355 with the field L5 dwarf 2M1507- 
16. We find that 2M0355 is underluminous in optical 
through K band then switches to overluminous through 
at least 12/mi compared to 2M1507-16. Calculating the 
bolometric luminosity by integrating over the optical and 
near-IR spectra as well as WISE photometry, shows that 
the overall luminosity of 2M0355 is overluminous com- 
pared to the field object. We conclude that enhanced 
photospheric dust, thought to be correlated with young, 
low-temperature, low-luminosity brown dwarfs and gi- 
ant exoplanets, shifts flux to longer wavelengths creating 
the red SED. The position of 2M0355 on the near-IR 
color magnitude diagram supports this conclusion as it 
appears redward and underluminous of the known pop- 
ulation in a similar region as 2M1207b and HR8799bcd. 

Combining new proper motion and parallax measure- 
ments we calculate UVW velocities to evaluate member- 
ship in nearby young moving groups. We find the kine- 
matics consistent with the young thin disk and the UV 
velocities for 2M0355 place it in a busy part of velocity 
space for young objects. A careful kinematic compari- 
son with nearby young groups and the field population 
leads us to conclude that 2M0355 has a 42% chance of 
membership in AB Doradus. 2M0355 remains the bright- 
est isolated low surface gravity L dwarf studied to date 
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and will prove to be a useful comparative object in low- 
temperature atmosphere studies directly applicable to gi- 
ant exoplanets. 

Despite the spectral similarity to 2M1207b in H and 
K, 2M0355 is substantially different from the planetary- 
mass object in Jband. This, combined with the older age 
estimate for 2M0355, cause the temperature and mass 
of 2M0355 to remain ambiguous. Nevertheless, we can 
use the object's absolute photometry and constrained age 
(assuming membership in AB Doradus) to estimate these 
key properties. Using the evolutionary tracks for young, 
low mass objects of Baraffe et al. (2002), we estimate 
an effective temperature of /siml500 K and a mass of 
/sim\2> Mj up for an age of 50 Myr (the lower limit for 
the age of AB Doradus). At the upper age limit for 
AB Doradus, / siml50 Myr, the mass of 2M0355 would 
be closer to / simSQ Mj up . As a field object, the abso- 
lute magnitudes of 2M0355 correspond to an object of 
~70 Mj up , slightly below hydrogen burning minimum 
mass. 
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Fig. 1. — 2MASS (J-K s ) color versus spectral type for field L dwarfs. Mean colors of normal (excluding subdwarfs, young, and low 
surface gravity) objects are displayed as grey bars and listed in Table 2. Only sources with J or K uncertainties < 0.1 are used. Low 
surface gravity L7 dwarfs are red filled circles and are listed in Tables 3- 4. 2M0355 is marked as a five-point star. 
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Fig. 2. — WISE (W1-W2) color versus spectral type for field L dwarfs. Mean colors of normal (excluding subdwarfs, young, and low 
surface gravity) objects are displayed as grey bars and listed in Table 2. Only sources with Wl or W2 uncertainties < 0.1 are used. Low 
surface gravity L7 dwarfs are red filled circles and are listed in Tables 3- 4. 2M0355 is marked as a five-point star. 
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Fig. 3. — The SpeX prism near-infrared spectra of 2M0355 (black solid line) compared to the L5 near-infrared standard (blue dashed 
line) 2M0835 (defined in Kirkpatrick et al. 2010) and the young planetary mass companion (red dashed line) 2M1207b (from Patience et al. 
2010). We separate J UK bands and normalize the three objects over each band independently. 2M0355 deviates from the field L5 with a 
sharply peaked H band and suppressed K band, and matches well with the features of 2M1207b. 
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Fig. 4. — SpeX cross-dispersed H-band spectra of 2M0355 (black solid line) compared to the field L5 near-infrared standard (blue dashed 
line) 2M0835 (defined in Kirkpatrick et al. 2010) and the young planetary mass companion (red dashed line) 2M1207b (from Patience et al. 
2012). The strong triangular shape seen in 2M1207b and 2M0355 is interpreted as a hallmark of low surface gravity. 



2M0355: A Young, Nearby, Isolated Brown Dwarf. 




2009.0 2010.0 2011.0 2012.0 
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Fig. 5. — ISPI astrometry for 2M0355. Upper panel shows the imaging results (filled points) as well as the best fit solution for the 
and parallactic motion in right ascension and the lower panel shows the same in declination. 
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Fig. 6. — The U versus V velocity plot for a large collection of young stellar groups within 200 pc of the Sun from Mamajek (2010). 
2M0355 is highlighted as a filled square and is located in a busy region of velocity space for nearby young objects. 
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Fig. 7. — The UVW properties of 2M0355 (red filled triangle) compared to those of the members of the nearby young groups j3 Pictoris 
(blue) and AB Doradus (green). Solid rectangles surround the furthest extent of highly probable members from Torres et al. (2008) but 
their distribution does not necessarily fill the entire rectangle. We also show the core UVW values of /9 Pictoris (— 10.9±0.3, — 16.0±0.3, 
-9.2±0.3) km s" 1 and AB Doradus (-7.6±0.4, -27.3±1.1, -14.9±0.3) km s" 1 from Mamajek (2010) updated using the revised Hipparcos 
astrometry from van Leeuwen (2007) and compiled velocity catalog of Gontcharov (2006). 
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Fig. 8. — The spectral type versus absolute magnitude diagram in MKO J (top) and K (bottom) for L dwarfs. Normal objects (non 
binary, young or subdwarf) are shown as open black circles, L7 dwarfs as filled red circles, and young companion brown dwarfs as filled 
purple circles. 2M0355 is highlighted as a red five-point star. 
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Fig. 9.— The optical spectra, 2MASS JHK, and WISE Wl, W2, W3, W4 photometry of 2M0355 (grey spectra and black filled circles) 
compared to the field L5 2M1507 (blue spectra and filled points). The absolute photometry calculated from the parallax of each object 
(this work; Dahn et al. 2002) as well as flux-calibrated optical spectra scaled to the near-IR photometry are transformed into XF\. 2M0355 
is underluminous through K and then overluminous through ~12 fim. 
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Fig. 10. — The near-infrared color magnitude diagram for field and low surface gravity L7 brown dwarfs as well as giant planetary mass 
companions. Absolute magnitudes were derived from parallaxes reported in Faherty et al. (2012) and Dupuy & Liu (2012). We highlight 
the location of 2M0355 and note that it occupies a similar region of color-magnitude space as 2M1207b and HR8799b. 
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TABLE 1 

Near-Infrared Observations 
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Instrument 
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\ s ) 
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1.3 


J 






10x4 


5 


2010 January 28 
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6 


2011 December 7 
2007 November 13 


1.2 
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TABLE 2 

Average Near-Infrared and Mid-Infrared Colors of L dwarfs 



SpT 
\ v ) 


\ l ) 


N 2 MASS a 


V 4 ) 


( J-Ks *)avg 


<t(J-K 3 ) 
K b ) 


(Wl-W2)„„j 
V) 


a (W1-W2) 
\°i 


LO 
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102 


11 


1.30 


0.15 


0.27 


0.06 


LI 


125 


95 


2 


1.35 


0.16 


0.26 


0.06 


L2 


58 


60 


3 


1.48 


0.17 


0.28 


0.07 


L3 


69 


51 


3 


1.64 


0.18 


0.31 


0.06 


L4 


37 


33 


5 


1.69 


0.24 


0.34 


0.08 


L5 


43 


28 


2 


1.72 


0.22 


0.35 


0.08 


L6 


25 


13 





1.84 


0.25 


0.42 


0.11 


L7 


13 


9 





1.75 


0.26 


0.46 


0.09 


L8-9 


19 


10 





1.85 


0.17 


0.54 


0.08 



a Only normal (non- low surface gravity, subdwarf, or young) L dwarfs with photometric uncertainty 
< 0.1 were used in calculating the average. 



TABLE 3 

Photometric Properties of low surface Gravity L7 Dwarfs 
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± 
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± 
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13 
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± 
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0.16 


9 
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± 
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16 
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15 
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11 
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12 
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14 
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± 
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10 
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03 


14. 


.40 
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0, 


04 
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23 


± 


0. 


03 


12 
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± 


0.03 
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0.20 


9. 


07 


± 
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2MASSJ000402 
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L1.07 


15. 


.79 


± 





07 


14. 


.83 


± 





.07 


14. 


01 


± 





.05 


13 


37 


± 
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12 
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± 


0.03 


12.18 ± 


0.24 


9. 


16 


± 
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4 
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L1.07 


15 


.26 


± 





.01 
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.30 


± 





.05 
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62 
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13 


05 


± 
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12 
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± 


0.03 
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0.35 
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22 


± 
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± 
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± 
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86 
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0.03 


11.56 ± 
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± 


null 


1,2 


2MASSJ220813 


63+292121.5 


L3.O7 


15. 


.80 


± 


0. 
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15 
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13 


35 
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12 
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± 


0.03 
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0.39 


9. 


30 


± 
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2,7 


2MASSJ012621. 


.09+142805.7 


L4.O7 


17 


.11 


± 


0. 


.21 


16 


.17 


± 





.22 


15. 


28 


± 





,15 


14 


.24 


± 





.03 


13 


.70 


± 


0.04 


12.38 ± 
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9. 


13 


± 
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6,8 


2MASSJ050124 


06-001045.2 


L4.O7 


14. 


98 


± 


0. 


04 


13. 


.71 


± 





.03 


12. 


96 


± 





,03 


12 


.05 


± 





02 


11 


.52 


± 


0.02 


10.95 ± 


0.11 


9. 


17 


± 
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1,2 


2MASSJ155152. 


.37+094114.8 


L4.O7 


16. 


32 


± 


0. 


11 
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11 


± 





,07 


14. 


31 


± 


0, 


,06 


13 


60 


± 





03 


13 


.12 


± 


0.03 


12.68 ± 


0.48 


9. 


16 


± 


null 


1,6 
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16. 


.79 


± 


0. 


,14 
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33 
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10 


14. 


31 


± 


0, 


07 


13 


.20 


± 





02 


12 


.62 


± 


0.02 


12.13 ± 


0.13 


9. 


31 


± 


null 


5,6 


2MASSJ224953. 


.45+004404.6 
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16 


.59 


± 





.12 


15. 


.42 


± 





.11 


14, 


36 


± 





07 


13 


.58 


± 





03 


13 


.14 


± 


0.05 


11.28 ± 
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7. 


69 


± 


null 


6,9,10,11 


2MASSJ035523. 


.37+113343.7 


L5.O7 


14. 


05 


± 


0. 


02 


12. 


53 


± 





,03 


11, 


53 


± 





.02 


10 


53 


± 





.02 


9.94 ± 0.02 


9.29 ± 0.04 


8. 


32 


± 


null 


1 ,2 


2MASSJ042107. 
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L5.O7 


15. 


.57 


± 





.05 


14. 


.28 


± 





,04 


13, 


45 


± 





04 


12. 


.56 


± 





02 


12.14 ± 0.02 


11.60 ± 0.10 


9. 


25 


± 


null 


2,5 



Note. — References: (1) Reid ct al. (2008) (2) Cruz ct al. (2009) (3) Kirkpatrick et al. (2006) (4) Kirkpatrick ct al. (2010) (5) Cruz ct al. (2007) (6) Cruz ct al. in prep 
(7) Kirkpatrick ct al. (2000) (8) Metchev et al. (2008) (9) Geballe et al. (2002) (10) Hawlcy ct al. (2002) (11) Nakajima ct al. (2004) 

^JHK S photometry from the Two Micron All Sky Catalog (Skrutskic et al. 2006) and the Wl, W2, W3, Wi from the Wide-field Infrared Survey Explorer (Wright et al. 
2010) 
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TABLE 4 

Colors of low surface Gravity L7 Dwarfs 



Name SpT (J-K s ) (W1-W2) A(j-K s f \w1-w2f 

2MASS OpT 2MASS WISE 

(1) (2) (3) (4) (5) (6) 



OA ,T A CO TflflOO a zinc; 

2MAbbJUUo2-44U5 


LO 


O7 


1 


.51 


± 





.05 


0. 


.33 


± 


0. 


.04 





.21 





.06 


2MASSJ0037-5846 


LO 


O7 


1 


.78 


± 





06 





39 


± 





.04 





.48 





.12 


2MAbbJ0l24-5745 


LO. 


0") 


1. 


.99 


± 





.13 





.43 


± 





.01 





.69 





.16 


2MASSJ0141-4633 


LO. 


O7 


1 


.73 


± 





.05 





.38 


± 





.03 





.43 


0. 


.11 


2MAbbJ0223-58l5 


LO, 


O7 


1 


.65 


± 





06 





39 


± 





03 





.35 


0. 


12 


O TV T A T r\ O O .1 

2MAbbJ0234-6442 


LO, 


O7 


1 


.48 


± 


0. 


.09 





.34 


± 





.01 





.18 





07 


O TV T A OCT r\ O I 1 finor 

2MAbbJU241-Uo2o 


LO 


O7 


1 


.76 


± 





08 





38 


± 





04 





.46 





11 


2JVlAbbJ0o2o-4ov>l 


LO 


O7 


1 


.69 


± 





09 





41 


± 





03 





.39 





.14 


2MASSJ0406-3812 


LO. 


O7 


1 


.66 


± 





18 





35 


± 





05 





.36 





08 




LO. 


u / 


\ 


92 







12 





44 







04 





62 





.17 


2MASSJ2213-2136 


LO, 


O7 


1 


.62 


± 


0. 


05 


0. 


40 


± 


0. 


04 





.32 


0. 


13 


2MASSJ0004-6410 


LI. 


O7 


1 


.78 


± 





09 


0. 


43 


± 


0. 


04 





.43 


0. 


.17 


2MASSJ0518-2756 


LI. 


O7 


1 


.64 


± 


0. 


.06 


0. 


.39 


± 





.04 





.29 





.13 


2MASSJ0303-7312 


L2. 


O7 


1 


.82 


± 


0. 


14 


0. 


43 


± 


0. 


.04 





.34 


0. 


.15 


2MASSJ0536-1920 


L2. 


O7 


1 


.92 


± 





.09 





.47 


± 





.01 





.44 





.19 


2MASSJ2322-6151 


L2. 


O7 


1 


.69 


± 





.07 





.40 


± 





.01 





.21 





.12 


2MASSJ1726+1538 


L3. 


.57 


2 


.01 


± 





.08 





.38 


± 





.01 





.37 


0. 


.07 


2MASSJ2126-8140 


L3. 


O7 


1 


.99 


± 


0. 


07 


0. 


44 


± 


0. 


03 





.35 


0. 


13 


2MASSJ2208+2921 


L3. 


O7 


1 


.65 


± 


0. 


.11 


0. 


.47 


± 





.04 





.01 





.16 


2MASSJ0126+1428 


LI. 


O7 


1 


.83 


± 


0. 


26 


0. 


,54 


± 





05 





.14 


0. 


20 


2MASSJ0501-0010 


L4. 


O7 


2 


.02 


± 


0. 


.05 


0. 


53 


± 


0. 


03 





.33 


0. 


19 


2MASSJ1551+0941 


LI. 


O7 


2 


.01 


± 


0. 


,12 


0. 


.48 


± 


0. 


04 





.32 


0. 


.14 


2MASSJ1615+4953 


L4. 


O7 


2 


.48 


± 





16 





.58 


± 


0. 


.03 





.79 


0. 


.24 


2MASSJ2249+0044 


L4. 


O7 


2 


.23 


± 





.14 





.43 


± 





.06 





,54 


0. 


.09 


2MASSJ0355+1133 


L5. 


O7 


2 


.52 


± 


0. 


03 


0. 


59 


± 


0. 


03 





.80 


0. 


24 


2MASSJ0421-6306 


L5. 


O7 


2 


.12 


± 


0. 


.06 


0. 


.42 


± 





.03 





.40 


0. 


.07 



a A values arc calculated from the mean colors listed in Table 2. 



2M0355: A Young, Nearby, Isolated Brown Dwarf. 



TABLE 5 
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Parameter 


Value 


Hcicrcncc 


K 1 ) 


( 2 ) 


W 


Parameter 


Value 


Reference 


R A Flnr> ( 19000^ 


noh. crcmoq 07s 1 1 1 QQ l A*} 7" 
UO 00 ZO.OI Til OO 4o. i 


1 

1 


wpricai op i 


T ^/v 
IjO^ 






l^l.UO^U.UZ 


1 
1 




IZ.UJXU.UO 


I 


K s (2MASS) 


11.53±0.02 


1 


J (MKO) a 


13.90±0.03 


4 


H (MKO) a 


12.60±0.03 


4 


K (MKO) a 


11.46±0.02 


4 


Mj (MKO) 


14.33±0.24 


4 


M H (MKO) 


13.03±0.24 


4 


M K (MKO) 


11.89±0.23 


4 


Wl 


10.53±0.02 


3 


W2 


9.94± 0.02 


3 


W3 


9.29± 0.04 


3 


W4 


o.oz± null 


Q 
O 


Ma 


21o± mas yr 


4 


US 


-626i 5 mas yr ^ 


A 

4 


Tabs 


122± 13 mas 


4 


RV 


11.92±0.22 km s" 1 


5 


U b 


-5.9±1.5 km s" 1 


4 


v b 


-23.6±2.0 km s" 1 


4 


w b 


-14.6±1.3 km s- 1 


4 


x b 


-7.0±0.7 pc 


4 


Y b 


0.2±0.4 pc 


4 


z b 


-4.2±0.4 pc 


4 


Age c 


50-150 Myr 


4 


Mass c 


13 - 30 M Jup 


4 



Note. — References: (1) Cutri et al. (2003) (2) Cruz ct al. 
(2009) (3) Wright ct al. (2010) (4) This Paper (5) Blake ct al. 
(2010) 

a MKO values calculated using the transformations in Stephens 
& Leggett (2004) 

^UVW and XYZ values are calculated in a left-handed coordi- 
nate system with U and X positive toward the Galactic center. 

c Age and mass are based on the fact that wc estimate a 43% 
probability that 2M0355 is an AB Doradus member. 



